Heterozygous mutations in JAGGED1, encoding a single-pass transmembrane ligand for the Notch receptors, cause Alagille syndrome (AGS), a polymalformative disorder affecting the liver, heart, eyes and skeleton and characterized by a peculiar facies. Most of the JAGGED1 mutations generate premature termination codons, and as a result, two pathogenic mechanisms causing AGS have been proposed: haploinsufficiency or a dominant-negative effect of putative truncated proteins. To determine whether missense or protein-truncating mutations in JAGGED1 can lead to the synthesis and function of abnormal proteins, we performed cell culture experiments. We showed that human JAGGED1 undergoes a metalloproteasedependent cleavage resulting in the shedding of its extracellular domain and that this domain seems able to fulfill a biological function in vitro, probably by antagonizing Notch signaling. Moreover, the soluble form of JAGGED1 was able to compete with the transmembrane ligand. Mutant proteins with missense or nonsense mutations were synthesized and gave rise to a chord-like phenotype and a migration defect when expressed by stably transfected cells. These chord-like structures were similar to the phenotype exhibited by fibroblasts isolated from a fetus with a protein-truncating mutation. Results obtained from Notch signaling inhibition and Notch reporter assays showed that this chord-like phenotype, exhibited by mutant JAGGED1 transfectants, may result from an inhibitory effect on Notch signaling. Altogether, our results favor a dominant-negative mechanism of some JAGGED1 mutations in AGS.
INTRODUCTION
Heterozygous mutations in JAGGED1 (JAG1) (1,2), a cell-surface ligand of the Notch receptors, cause Alagille syndrome (AGS) (MIM 118450), an autosomal dominant disorder characterized by the association of five major features: a chronic cholestasis caused by a paucity of interlobular bile ducts, a peripheral stenosis of the pulmonary artery, butterflylike vertebral arch defects, a posterior embryotoxon and a peculiar facies (3, 4) . Since its original description, many vascular anomalies have been associated to AGS. Although peripheral pulmonary stenosis is the most common cardiovascular feature of the syndrome, other abnormalities of the circulatory system have been described including complex intracardiac defects and stenosis of other systemic arteries (5 -7) . Because some of these defects can remain asymptomatic until adulthood, the prevalence of cardiovascular abnormalities in AGS may have been underestimated.
Consistent with these observations, JAG1 is mainly expressed in the cardiovascular system, in particular the systemic arteries, during human development (8, 9) . More generally, Notch signaling has been involved in multiple aspects of # The Author 2007. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org vascular development. In vitro, it controls the proliferation and migration of endothelial cells, the differentiation of smooth muscle cells and the formation of endothelial tubes. In vivo, Notch signaling promotes epithelial-to-mesenchymal transformation during heart development (10, 11) and is involved in the formation of angiogenic processes as well as in arterialvenous cell fate determination (12) . Jag1 belongs to the Delta, Serrate, Lag-2 (DSL) family of single-pass transmembrane ligands that activate the Notch receptors (13, 14) . Interaction between the extracellular domains of the DSL ligands and of the Notch receptors triggers some proteolytic cleavages within the receptors and the subsequent activation of the pathway (15) . Delta ligands are also sequentially cleaved by ADAM proteases and a g-secretase, resulting in the release of extracellular and intracellular fragments (16 -18) . The physiological function of these fragments is still unclear and controversy persists about the agonist or inhibitory function of the soluble forms of Delta on Notch signaling (19 -22) . The proteolytic processing of Jag1 has been less studied, and the significance of the shedding of the extracellular domain of the ligand is still controversial (23, 24) .
All the JAG1 mutations detected in AGS patients map to the extracellular and transmembrane domains of the protein and lead in 70% of cases to a premature termination codon (PTC) (25, 26) . The pathogenic mechanism causing AGS remains unclear. Haploinsufficiency has been proposed as the primary mechanism responsible for AGS (2) and is supported by three main observations. First, heterozygous deletions of the whole JAG1 gene have been reported in 5% of AGS patients. Secondly, some missense mutations (R184H, L37S and G274D) generate proteins with abnormal glycosylation patterns, which fail to reach the cell surface (27, 28) . Finally, most of the transcripts with PTC may be degraded by the nonsense-mediated mRNA decay (NMD) pathway. We have recently shown that NMD is indeed able to act on JAG1 mRNAs with nonsense mutations but that some of these mutant transcripts escape degradation (29) and can then lead to the synthesis of truncated proteins. In addition, truncated forms of the Serrate/Jag protein have been shown to have a dominant-negative effect on both transgenic Drosophila in vivo and hematopoietic stem cell self-renewal, as well as on NIH3T3 cells, which exhibit in vitro a chord-like phenotype (30 -32) . Thus, a dominant-negative effect of some JAG1 mutations causing AGS cannot be ruled out.
Here we report the chord-like phenotype of fibroblasts isolated from an AGS fetus with a PTC mutation. To gain insight into the mechanism responsible for AGS, we have studied the synthesis and function of wild-type (WT) and abnormal JAG1 proteins (with missense or PTC mutations) in cell culture experiments. We report that cleavage of the human WT JAG1 protein leads to the shedding of its extracellular domain, which is then able to fulfill a biological function, probably by antagonizing Notch signaling. Moreover, we show that mutant JAG1 proteins can induce a chord-like phenotype and a decrease in cell migration in stably transfected NIH3T3 cells. Finally, stable expression of mutant JAG1 proteins in NIH3T3 cells results in the inhibition of endogenous Notch signaling. Taken together, these results favor a dominant-negative effect of some mutant JAG1 proteins in AGS.
RESULTS

Shedding of human JAG1 protein from the cell surface
In order to detect a possible cleavage of the extracellular domain of the JAG1 protein, COS cells were transiently transfected with an expression vector encoding the human WT JAG1 cDNA (COS-WT JAG1). Cell lysates (L) and culture media (CM) were analyzed by western blot (Fig. 1A) . A protein of lower molecular mass than full-length JAG1 (JAG1 FL ) was detected in the culture medium, when using an anti-Jag1 antibody directed against the N-terminus (Fig. 1Aa) . When using an anti-Jag1 antibody directed against the C-terminus, two C-terminal immunoreactive fragments (CTFs) were identified in the cell lysate (Fig. 1Ab) . The relative molecular masses of these two fragments correspond to the membrane associated (CTF 1 ) and intracellular (CTF 2 ) fragments of JAG1, respectively. Similar results were obtained from the culture of lymphoblastoid cell lines (LCLs) established from control individuals, in which JAG1 is expressed endogenously (Fig. 1Aa and b) . Treatment with a g-secretase inhibitor (DAPT) eliminated CTF 2 production and increased CTF 1 signal in COS-WT JAG1 (Fig. 1B) . These observations suggest that JAG1 is initially cleaved at the cell surface to produce a soluble JAG1 EC fragment and CTF 1 and that subsequent intramembrane proteolysis releases CTF 2 (Fig. 1E) .
We next analyzed the kinetics of JAG1 EC shedding in the culture medium which was observed as early as 1.5 h and reached maximal levels 12 h after transfer in serum-free conditions (Fig. 1C) . Production of JAG1 EC was markedly reduced when COS-WT JAG1 cells were treated either with EDTA, a chelator of divalent cations, or with 1,10-phenantrolin, a zinc chelator (Fig. 1D) , suggesting that the cleavage is mediated by a Zn 2þ -metalloprotease. These results were supported by incubation of COS-WT JAG1 with APMA, an effective activator of cystein-switch metalloproteases, which resulted in a sharp increase of JAG1 EC in the culture medium (Fig. 1D) .
Characterization of mutant JAG1 proteins
In order to analyze the behavior of mutant JAG1 proteins, we generated expression vectors containing three different mutations found in AGS patients (one missense: C284F, and two nonsense mutations: E1003X and D4; Fig. 2A ). When transfected transiently in COS cells, C284F proteins underwent cleavages: JAG1 EC was detected in the culture medium ( Fig. 2Ba) and CTF 1 and CTF 2 in the cell lysate (Fig. 2Bb) . Truncated proteins (E1003X and D4) were synthesized and detected in both the culture medium and the cell lysate ( Fig. 2Bc and d) . They appeared slightly larger in size when identified from the medium (160 and 65 kDa for E1003X and D4, respectively) compared with the cell lysate (150 and 62 kDa), suggesting that the secreted form of the proteins underwent additional post-translational modifications compared with the form identified in the cell lysate.
The glycosylations of cellular and soluble proteins were different. Indeed, utilization of peptide-N-glycosidase F (PNGaseF), an endoglycosidase that removes all N-linked carbohydrates led to the total digestion of WT and mutant proteins from the culture medium or the cell lysate, showing that
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Human Molecular Genetics, 2007, Vol. 16, No. 22 all JAG1 proteins studied bear N-glycosylations (Fig. 2C) . When both fractions were treated with endoglycosidase H (EndoH), which only cleaves simple carbohydrate structures such as 'high mannose' or 'hybrid' type structures, only proteins present in the cell lysate were processed, showing that proteins in the culture medium bear complex carbohydrate structures (Fig. 2C) . Digestion by EndoH of cell lysates was complete for C284F and E1003X mutant proteins but only partial for WT JAG1. Complex glycosylations borne by proteins from the culture medium were compatible with a biological activity of soluble ligands. The cellular localization of WT and mutant JAG1 in transiently transfected COS cells was subsequently studied by confocal microscopy. Immunofluorescence on non-permeabilized COS cells demonstrated that both WT and C284F JAG1 proteins are properly addressed to the plasma membrane but no D4 protein is present at the cell surface (Fig. 3Aa -c) . After cell permeabilization, an intracellular staining was also observed, which could correspond to immature proteins in the endoplasmic reticulum ( Fig. 3Ad and e) . Although only very low levels of D4 JAG1 protein were detected by western blot in cell lysate (Fig. 2Bd) , an intracellular staining that likely corresponds to truncated proteins was present in the cell cytoplasm before processing and secretion (Fig. 3Af) . The cell surface localization of WT and C284F JAG1 proteins was confirmed by trypsin treatment (Fig. 3B ). In these conditions, only proteins present at the cell surface should be digested. In both cases, the amount of JAG1 FL decreased and products of lower apparent molecular mass appeared. Moreover, CTF 1 disappeared in favor of a protein of a smaller mass, confirming that CTF 1 is a membrane-bound fragment.
Thus, the C284F protein behaves like the WT protein: both proteins are present at the cell membrane and undergo cleavages leading to the shedding of the extracellular domain, and both soluble proteins, resulting from extracellular cleavage, bear complex glycosylation. The truncated proteins E1003X and D4 secreted into the culture medium also show glycosylation.
Soluble WT and mutant JAG1 proteins induce the formation of a chord-like phenotype
Fibroblasts isolated from an AGS fetus with a D4 JAG1 deletion show the formation of a network of chord-like structures when compared with control fetal fibroblasts ( Fig. 4A and B) . In order to determine whether the truncated JAG1 protein could be responsible for this phenotype and to test whether other mutant JAG1 proteins could have a similar physiological function, we established stable NIH3T3 transfectants, carrying either an empty vector (mock), WT, C284F, E1003X or D4 JAG1 cDNAs. JAG1 proteins were analyzed by western blot (data not shown): although all the stable transfectants expressed the appropriate JAG1 protein, the expression level was lower than that in transient transfectants. As shown in Figure 4C -G, all mutant JAG1 transfectants but not the mock control nor the WT-expressing fibroblasts exhibited a chord-like phenotype similar to the one observed with the fibroblasts of the AGS fetus, when plated at low density on plastic dishes.
In order to test the physiological function of the soluble JAG1 proteins that we identified in the culture medium, we used the medium conditioned by each of the stable transfectants and tested it on normal NIH3T3 cells. When grown in conditioned medium from mutant tranfectants, NIH3T3 cells adopted a chord-like morphology, suggesting that the effect observed was the result of the activity of the mutant proteins contained in the CM (Fig. 5) . Surprisingly, 3T3 cells grown in conditioned medium from WT but not from mock transfectants also had a chord-like morphology. Moreover, similar results were observed when conditioned media from any transfectant (to the exception of mock) were added to WT stable transfectants (data not shown). From these observations, we propose that soluble WT JAG1 proteins contained in the culture medium have a biological activity similar to mutant proteins and that all these soluble proteins are able to compete with the membrane-bound form of the ligand.
Soluble JAG1 competes with the immobilized protein
In order to confirm this competition, we used a synthetic soluble form of human JAG1 protein (syntJAG1 sol ), either added to the culture medium or immobilized on the plastic surface (syntJAG1 sol imm ). Indeed, immobilization of soluble Notch ligands is known to mimic the effect of transmembrane ligands and to activate Notch receptors (20, 32, 33) . WT transfectants cultured in conditioned medium from WT transfectants (containing soluble JAG1 resulting from the extracellular cleavage of the transmembrane ligand), as well as in presence of syntJAG1 sol , exhibited the chord-like morphology, confirming that this phenotype is the result of an excess of the soluble ligand ( Fig. 6A and C) . In both cases, the chord-like morphology of WT transfectants cultured in conditioned medium or in the presence of syntJAG1 sol was abolished when cells were cultured on plates coated with syntJAG1 sol imm , which provided an excess of transmembrane ligand ( Fig. 6B and D) . From these observations, we propose that soluble JAG1 has a biological activity when present in excess and is able to compete with transmembrane JAG1.
Mutant JAG1 proteins inhibit NIH3T3 migration
In order to understand the reason for such a chord-like phenotype and given the involvement of Notch signaling in cell migration (10, 34, 35) , we next studied the mobility of transfectant cells by wound edge closure assay. All mutant JAG1 transfectants showed slower migration illustrated by delayed invasion of individual cells into the bared area, compared with mock and WT JAG1 transfectants (Fig. 7A) . Since cell mobility is dependent on cell -matrix and cell -cell adhesions, we examined the expression of adhesion molecules in these transfectants by confocal microscopy. We observed normal abundant level of vinculin-positive focal adhesion sites in mock and WT transfectants, but the three mutant transfectants showed a significantly reduced number of focal adhesion sites ( Fig. 7Ba -e) , which may explain the slower mobility of the mutants. Furthermore, the mutant transfectants displayed a significant increase of cadherin expression at intercellular junctions ( Fig. 7Bf -j) . This abnormal expression of adhesion molecules in mutant transfectants strongly suggests the involvement of JAG1 in cell -matrix and cell -cell contacts.
Pharmacological inhibition of Notch signaling in NIH3T3 leads to characteristics similar to those obtained with mutant JAG1 transfectants Upon ligand binding, Notch receptors undergo two proteolytic cleavages leading to their activation. DAPT inhibited the second and intracellular g-secretase-dependent cleavage of the receptor, resulting in the inactivation of Notch pathway. NIH3T3 cells treated with this classical Notch signaling inhibitor exhibited characteristics similar to transfectant cells stably expressing mutant JAG1 proteins (Fig. 8) . Indeed, NIH3T3 cells grown in the presence of DAPT adopted a chord-like morphology (Fig. 8A and B) and showed a significantly reduced mobility compared with control cells cultivated 
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Human Molecular Genetics, 2007, Vol. 16, No. 22 in absence of the inhibitor (Fig. 8C and D) , indicating that the phenotype of mutant JAG1 transfectants is mediated by the inactivation of the Notch signaling pathway.
Stable expression of mutant JAG1 proteins results in inhibition of Notch signaling
Activation of the Notch receptors by interaction with the ligands leads to the transcriptional activation of target genes after forming a complex between activated receptors and CSL (CBF1/RBP-Jk in mammals, Su(H) in Drosophila and Lag-1 in nematodes) proteins (36, 37) . Therefore, to determine whether the chord-like phenotype is effectively associated with inhibition of the Notch pathway, we used a standard Notch reporter assay to measure the activation of the traditional RBP-Jk-dependent Notch signaling pathway (38, 39) . NIH3T3 transfectants stably expressing WT JAG1 protein displayed a high level of RBP-Jk-mediated transcription of the luciferase reporter gene when compared with mock and mutant transfectants which exhibited very low levels of Notch activation (Fig. 9A) . The absence of the RBP-Jk-mediated transcriptional activity in mutant NIH3T3 transfectants showed that mutant JAG1 proteins were unable to activate Notch signaling. Given the important standard deviation between mock and mutant transfectants, we cannot conclude on the inhibitory effect of mutant JAG1 ligands on the pathway. We then tested the capacity of mutant JAG1 proteins to inhibit Notch signaling in combination with the WT protein, using this Notch reporter assay, by transient transfection of each stable transfectant and NIH3T3 cells with the WT JAG1 plasmid. RBP-Jk-mediated transcription of the luciferase reporter gene mediated by WT JAG1 was inhibited when co-expressed with each mutant JAG1 protein (Fig. 9B) . Thus, activation of 5 cells per 100 mM plastic dish were plated. The following day, the culture medium was substituted for conditioned media from NIH3T3 cell transfectants. Conditioned media were changed every 12 h for 2 days. Three days after plating, cells were fixed and stained with hematoxylin-eosin.
Notch signaling pathway by WT JAG1 was inhibited by co-expression with mutant proteins. These results demonstrate that the phenotype associated with the mutant transfectant cells was due to the inhibition of the endogenous RBP-Jk/Notch signaling. Moreover, the 2-fold increase of luciferase activity of WT stable transfectant transfected with WT JAG1 plasmid compared with NIH3T3 transfected with WT JAG1 plasmid indicates that JAG1 ligand acted in a dose-dependent manner.
DISCUSSION
AGS is caused by JAG1 mutations that mainly lead to PTCs in the region encoding the extracellular domain of the protein.
Our goal was to determine whether the mutations found in AGS could encode mutant proteins with a biological activity. For this purpose, we analyzed the function of WT and mutant JAG1 proteins in cell culture experiments. We showed that, similar to Delta1 (16 -18), WT JAG1 is cleaved at the cell surface by a Zn 2þ -metalloprotease activity in transfected cells as well as in LCLs (in which JAG1 is expressed endogenously). Following this cleavage, we were able to recover an intact soluble protein corresponding to the extracellular domain from the culture medium. This contrasts with results obtained after transient transfection by full-length rat Jag1 in CHO cells, where a degraded form of the extracellular domain of Jag1 was observed in the medium (23) .
The effect of soluble ligands on Notch receptors is debated. Previous data have suggested that the extracellular domain of Delta acts as an agonist of Notch activity (19, 20) , but other studies have presented the extracellular cleavage of Delta as an inactivation mechanism required for the distinction between the signaling and the receiving cells (21, 22) . In the case of JAG1, studies performed so far were conducted in transfected cells expressing the extracellular domain of JAG1 only, in the absence of its WT form. These cells exhibited a particular phenotype characterized by the formation of 
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In this study, we have demonstrated that the soluble domain is able to compete with the membrane-bound protein.
However, the physiological significance of this extracellular shedding remains unclear. It should be noted that the chordlike phenotype seems dependent on the relative amounts of soluble protein present in the medium and of membranetethered ligand. When NIH3T3 cells were transfected with WT cDNA, they did not show any phenotype; the phenotype appeared only after addition of a conditioned medium containing JAG1
EC or a medium supplemented with syntJAG1. Two hypotheses are proposed to explain this competition. The soluble extracellular domain of JAG1 could interact with the extracellular domain of the transmembrane ligand, preventing interaction with the receptor. In a second model, soluble JAG1 interacts with the extracellular domain of Notch, thus occupying the interaction site of the receptor with the transmembrane ligand, leading to the sequestration of Notch receptors.
The function and the regulation of this extracellular cleavage are still unknown. An important question is whether this cleavage is constitutive or inducible. Results obtained on mouse Delta1 favored a constitutive cleavage of the ligand (17, 18) . However, several studies showed that Delta processing is up-regulated in co-culture with Notch-expressing cells, suggesting that interaction between ligand and receptor positively regulates the metalloprotease-dependent cleavage (23, 40, 41) . NIH3T3 cells endogenously expressed Notch receptors (42, 43) , so we cannot exclude that JAG1 -NOTCH interaction enhanced JAG1 processing. A recent study has shown that the extracellular matrix protein MAGP-2 interacts with DSL ligands and induces the shedding of JAG1 from the cell surface through an extracellular metalloprotease cleavage (24) . MAGP-2 thus appears as a novel modulator of JAG1 shedding. It is then reasonable to hypothesize that protein interactions, such as the one between MAGP-2 and JAG1, regulate the activity of shed JAG1. Therefore, the generation of soluble Notch ligands by proteolytic cleavage appears as a regulatory mechanism of Notch signaling and our results suggest that the production of an excess of soluble JAG1 leads to a down-regulation of the pathway.
We have observed that fibroblasts from an AGS fetus spontaneously exhibited a chord-like morphology. We then analyzed the effect of three mutations identified in AGS patients (one missense and two PTC) in cellular models. The C284F missense mutation abolishes one disulfide bond in EGF2. We showed that the C284F mutant protein is expressed at the cell surface in spite of a disturbed conformation and is cleaved by a metalloprotease, resulting in the release of its extracellular domain. The C284F transfectants exhibited a chord-like phenotype. This is the first time that a JAG1 protein with a missense mutation exhibits a biological effect; proteins with other missense mutations (R184H, L37S and G274D) are not addressed to the cell surface and are thus unable to interact with the Notch receptors (27, 28) .
We then studied the effect of two nonsense mutations (E1003X and D4). The functional role of soluble JAG1 proteins corresponding to the entire extracellular domain of JAG1 (and thus very similar to E1003X JAG1) has already been studied (32, 42, 44) , but the activity of a short protein, such as D4 JAG1 truncated in EGF5, was unknown. We showed that both truncated proteins have the capability to induce a chord-like phenotype and that this phenotype is also observed in the fibroblasts isolated from the AGS fetus with the D4 mutation (in which JAG1 mutant transcripts are present, 29). Although we failed to detect the mutant protein in these AGS fibroblasts, the chord-like phenotype exhibited by the cells strongly suggests that the truncated protein is expressed at a level that is sufficient to induce the phenotype.
The three mutant transfectants also presented a slower cell migration illustrated by a decrease in focal adhesion sites and an increase in intercellular junctions, which could partly explain the chord-like morphology of the three mutant transfectants. Jagged/Notch signaling has previously been involved in the control of cell migration. Indeed, Jag1 expression is considerably up-regulated in the regenerating endothelium of Figure 9 . RBP-Jk transcriptionnal activity is altered in mutant NIH3T3 transfectants. (A) NIH3T3 stably expressing mock, WT, C284F, E1003X or D4 JAG1 proteins were transiently cotransfected with firefly luciferase construct, driven by six tandem copies of the RBPJk-response element, and the Renilla SV40 construct as an internal control for transfection efficiency. Cell lysates were assayed for both luciferase activities. Activity is shown as the ratio of firefly to Renilla luciferases. Note the decrease in the luciferase activity of mutant transfectants. (B) Normal NIH3T3 and NIH3T3 stably expressing WT, C284F, E1003X or D4 JAG1 proteins were transiently cotransfected with both luciferase and WT JAG1 plasmids. Each mutant transfectant (transfected with WT JAG1 plasmid) exhibited a decrease in the luciferase activity compared with cells expressing WT JAG1 protein alone.
injured arteries, where cells migrate and proliferate actively (34) . Moreover, Notch1 mediates VEGF-induced endothelial cell proliferation and migration (35) .
To determine whether the phenotype of mutant transfectants is related to an alteration of the Notch pathway, we used two different strategies. First, NIH3T3 cells treated with a pharmacological inhibitor of Notch signaling exhibit a phenotype similar to mutant JAG1 transfectant cells, which suggests that the phenotype of these cells is the result of the inhibition of the pathway. This hypothesis was confirmed using Notch reporter assays which showed an inhibitory effect of the three JAG1 mutations on Notch signaling and suggested that these mutant JAG1 proteins act in a dominant-negative manner. These results are consistent with the chord-like phenotype and decreased migration rate displayed by NIH3T3 cells expressing dominant-negative forms of Notch1 and Notch2 (42) . Although the molecular basis for this dominantnegative effect mediated by mutant JAG1 proteins is not known, we propose that the inhibition of Notch signaling by truncated ligand may result from the inability of the soluble JAG1-NOTCH complex to undergo endocytosis in the signalsending cell, a mechanism essential for activation of the pathway (45, 46) . The physiopathological mechanism of C284F mutant JAG1 protein appears less evident than for soluble ligands and needs to be clarified by further experiments.
Overall, this work is the first evidence for a dominantnegative effect in AGS, whatever the mutation type studied. We propose that, in AGS, the effect of mutant JAG1 proteins results in an inhibition of Notch signaling, impairing either differentiation (47 -49) or cell migration (35,50) during vascular development.
MATERIALS AND METHODS
Plasmids
Human WT, 1264G.T (C284F), 3420G.T (E1003X) and 1612 -1615delGCCC (D4) JAG1 cDNAs (positions 410 -4140 on cDNA sequence GenBank accession no. HSU73936) were cloned into pcDNA3.1/Hygro(þ) plasmid (Invitrogen) downstream of the CMV promoter (29) .
Cell culture COS7 cells were grown in Dulbecco's modified Eagle's medium (DMEM, Gibco/BRL) supplemented with 10% fetal bovine serum (Gibco/BRL), 100 U/ml penicillin (Gibco/ BRL), 100 mg/ml streptomycin (Gibco/BRL) and 2 mM glutamine (Gibco/BRL). NIH3T3 cells were grown in DMEM supplemented with 10% newborn calf serum, 100 U/ml penicillin, 100 mg/ml streptomycin, 2 mM glutamine plus 500 mg/ml Hygromycin B (Invitrogen, Life Technologies) for stable transfectants. LCLs and fibroblasts from AGS fetus were grown in Roswell Park Memorial Institute medium (RPMI 1640, Gibco/BRL) supplemented with 10% fetal bovine serum (Gibco/BRL), 100 U/ml penicillin (Gibco/BRL), 100 mg/ml streptomycin (Gibco/BRL) and 2 mM glutamine (Gibco/BRL).
Transfection
Transient transfections in COS7 or NIH3T3 cells (70% confluent) were performed using polyethylenimine (PEI) (Aldrich). Briefly, 13 -160 ng of plasmid per cm 2 and 250 pg of PEI per cm 2 were mixed in serum-free medium for 15 min before being added to the cells. After a 4 h incubation, the transfection medium was removed, and complete medium was added for another 24 h. This medium was replaced by a serum-free medium a day later in order to study the shedding of JAG1 proteins.
Stable transfections in NIH3T3 cells were performed in essentially the same way. Two days after transfection, confluent cells were divided and supplemented a day later with 500 mg/ml Hygromycin B in DMEM (Invitrogen, Life Technologies). After the selection of resistant clones, cells were maintained in 50 mg/ml Hygromycin B.
Luciferase cotransfection assay
Each NIH3T3 transfectant cells, plated onto fibronectin-coated six-well tissue culture dishes, were transfected at 70% confluency by PEI with a mixture of 500 ng of the firefly luciferase construct driven by six tandem copies of the RBP-Jk-response element (pGa981-6) (38) and 30 ng of the Renilla SV40 construct (Promega) as an internal control for transfection efficiency or a mixture of 1 mg of the firefly luciferase construct, 30 ng of the Renilla SV40 construct and 1 mg of the WT JAG1 construct. The medium was replaced with fresh complete medium 4 h after transfection. The cells were harvested 24 h after the medium change and firefly/Renilla luciferase activities were measured using the Dual-Luciferase Reporter Assay System (Promega). The efficiency of transfection was normalized to the activity of Renilla SV40 construct, and the activity was expressed as the ratio of firefly to Renilla luciferase activities. All assays were performed in triplicate for each experiment.
Competition between free soluble JAG1 and immobilized soluble JAG1
Synthetic soluble JAG1 protein (syntJAG1, R&D Systems) was immobilized (syntJAG1 imm ) on 100 mM plastic dishes during 2 h of adsorption at 378C, at a concentration of 5 mg/ml. Saturation was then performed with 1 mg/ml Bovine Serum Albumin (Roche Diagnostics) for 1 h at 378C. Then, 3 Â 10 5 NIH3T3 WT transfectant cells were seeded in 5 ml of medium containing 5 mg/ml free syntJAG1 in complete medium or in 5 ml of conditioned medium from WT transfectants. Conditioned medium was changed every 12 h for 4 days. Cells were then fixed and stained with hematoxylin -eosin.
Cell lysates and western blots
The serum-free CM of transfected cells were collected in the presence of protease inhibitors ('Complete', Roche Diagnostics) and concentrated 20-fold using Amicon-Bioseparations Centrifugal Centriplus and Centricon spin filters (Millipore).
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Human Molecular Genetics, 2007, Vol. 16, No. 22 Cell lysates were prepared and protein concentrations estimated using the BIO-RAD protein assay (Bio-Rad Laboratories). Proteins were analyzed on SDS -PAGE gels (7.8 -15%) and blotted to nitrocellulose membranes (Amersham Biosciences). Membranes were incubated with anti-rat N-terminal Jag1 (1:100, R&D Systems), anti-human C-terminal JAG1 C-20 (1:100, Santa Cruz Biotechnology) or anti-human actin antibodies (Santa Cruz Biotechnology), followed by incubation with the appropriate secondary antibody conjugated to horseradish peroxidase. Immunoblots were revealed by chemiluminescence (ECL TM Western Blotting Detection Reagents, Amersham Biosciences).
Cell migration assays
For each NIH3T3 transfectant, 5 Â 10 5 cells were plated on 100 mM dishes and were grown to confluence under Hygromycin B selection. The cell monolayers were scratched using plastic tips, rinsed with PBS to remove detached cells and then fed with complete medium. Photomicrographs were taken immediately and 22 h after scratching.
Immunofluorescence
Cells were fixed in 3.7% paraformaldehyde and blocked in 1% BSA, PBS, +0.1% Triton X-100 and incubated for 2 h with the appropriate primary antibody. We used polyclonal anti-JAG1 antibodies (1:200, Santa Cruz Biotechnology and R&D Systems), monoclonal anti-vinculin antibody (1:100, Sigma Chemicals Co.) and polyclonal anti-pan-cadherin antibodies (1:400, Sigma Chemicals Co.). The secondary antibodies used were Alexa Fluorw 488 donkey anti-goat IgG (Molecular Probes) and Rhodamine conjugated purified antimouse IgG. Stained cells were examined by confocal fluorescence microscopy (Zeiss LSM 410).
